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etc. Target normal sheath acceleration (TNSA), 7 radiation pressure acceleration (RPA), 8 and other mechanisms have been proposed to accelerate protons. Protons with energy >60 MeV 9, 10 have been experimentally obtained. The main characteristics of the proton beams, such as the energy spectrum, divergence, and emission direction, are sensitive to experimental conditions. Lindau et al. 11 demonstrated that the proton beam gradually deviates from the target normal direction towards the laser forward direction with the enhancing of the amplified spontaneous emission (ASE) pedestal before the main laser pulse. Xu et al. 12 observed that spatial distribution of the proton beam was modified by the shock waves induced by strong pre-pulses. Lundh et al. obtained different proton spectra in different directions. 13 Comprehensive and accurate measurements of proton beams are important to understand protons generation, control and applications.
It is difficult to measure the energy and angular distributions of a proton beam simultaneously by traditional methods. In proton acceleration experiments, a Thomson parabola ion spectrometer 14 (TP) is typically used to measure spectra and stacks of CR-39 nuclear track detectors, Fujifilm imaging plates (IPs), or radiochromic films (RCFs) are used to measure angular distributions of the proton beams. The TP is a powerful device to measure the energy spectra and the chargeto-mass ratios of charged ions. Since a pinhole is typically used as an entrance, ions are only allowed to enter the spectrometer at small angle in space. Therefore, a TP with a pinhole entrance cannot give the angular distributions of proton a) Electronic mail: ytli@aphy.iphy.ac.cn. b) Electronic mail: jzhang@aphy.iphy.ac.cn.
beams. On the other hand, the stacks of particle detectors can measure angular distributions but cannot resolve spectra with high resolutions (although rough spectra can be estimated by using proton penetration depth in multilayer stacks).
We present a new proton energy spectrometer that can obtain the angular distribution and spectral information of proton beams simultaneously. Compared to the traditional TP, the entrance pinhole is replaced by a slit and only the magnetic field is retained to deflect protons. The energy range of the spectrometer is 0.6-3 MeV and resolution ( E/E) is better than 10% for 3 MeV protons. The angular-resolved energy distributions of proton beams have been demonstrated with the new spectrometer in a proton acceleration experiment performed on the Xtreme Light III laser system 15 at the Institute of Physics, Chinese Academy of Sciences.
A schematic view of the new spectrometer is shown in Fig. 1(a) . A lead slit, instead of a pinhole, is used to collect a portion of proton beams into the spectrometer. Three slits with widths 200 μm, 300 μm, and 500 μm have been fabricated. Narrow slits give higher energy resolution, but less proton flux. In order to have a large collection angle, the slit should be as long as possible. However, it should shorter than the distance between the magnets because the change of the magnetic field is more gradual in the center. We use a 30 mm long slit for our spectrometer. The spectrometer is designed to be compact with a size of 33 cm × 13 cm × 15 cm.
A slowly varying magnetic field, which is almost parallel to the slit, is generated by a pair of 60 mm × 60 mm permanent magnets with a separation of 40 mm. The field strength at the magnetic field center is 0.3 T. Due to the long distance between the north and south poles, the magnetic field strength cannot be considered as a uniform distribution over the whole space. To obtain the relationship between the position on detector and energy of the protons, the magnetic field distribution is measured with a magnetometer. The y-component of the magnetic field deflects protons upward and the other two component coordinates do not affect the dispersion. Therefore, only B y is measured. Magnetic field spatial distributions in the x, y, z directions obtained by Gauss fitting are shown in Fig. 2 . Due to the use of a slit, protons come from a quasipoint source and enter the spectrometer at different incidence angles. Two components of the protons' velocities shall be considered when we calculate proton energy. v z is calculated from the Lorentz equation while v y is calculated from calibration. The relationship between the proton velocities v y and v z is given by v y /v z = D/L, where D is the horizontal distance of the proton position on the slit plane to the center of slit and L is the distance between the source and the slit, shown in Fig. 1(b) .
We have developed a three-dimensional code based on the discussion above to calculate the energy dispersion corresponding to each position on the detector plane. Figure 3 gives the dispersion contours on the detected plane.
The distance between the rear edge of magnetic field and the detector, which is called drift length, is 220 mm. We chose Fujifilm imaging plates as proton recording media, because of their high sensitivity, fast readouts, and reusability. Four IPs are equipped on each side of a rotatable cube driven by a motor at the back of the spectrometer. Such a design can improve experiment efficiency because we can vent and pump down the target chamber once every four shots. The entire body of the spectrometer is wrapped in a heavy metal (normally lead) to block stray light, electrons, and x-rays to reduce noise.
The proton acceleration experiment was performed on the Xtreme light III Ti:sapphire laser system. A p-polarized laser pulse with an energy of 2-3 J at 800 nm in 100 fs was focused onto aluminum foil targets at an incidence angle of 
15
• . Different thicknesses of targets were used. The focal spot size was about 10 μm in diameter at the full width at half maximum.
The spectrometer was installed behind the target, 10 cm away from the source. This gave a collection angle of 16
• , which can cover the angular range between the target normal and the laser propagation direction. A 60 μm copper wire was aligned in the target normal direction to act as a fiducial.
Only magnetic fields are applied in the spectrometer. To distinguish the protons from the other ions, a 7 μm thick aluminum filter was used to cover the IPs. The filter blocks all the carbon ions with energies <8 MeV. In our experiment, a conventional TP was also used to detect ions at the same experimental conditions and verified no carbon ions with energies >8 MeV generated under our laser conditions. Figure 4 shows the typical raw proton images, and the angle-resolved spectra of the proton beams generated from laser interacting with 12.5 μm (a) and (c) and 4 μm (b) and (d) thick targets, respectively. For the 12.5 μm target, the proton beam is very collimated with a divergence angle as small as 3
• . The peak is found to deviate from the target normal by 1
• towards the laser direction. In this case, a traditional TP aligned in the target normal direction may miss the peak flux. For the 4 μm target, in Fig. 4(b) , protons are spread over the entire region between the laser direction and target normal direction. Most of the high-energy (800-2000 keV) protons are emitted in the target normal direction, while low energy (600-800 keV) protons deviated in the laser direction. Significant changes in the distributions for different targets may be caused by ASE of laser. Figures 4(c) and 4(d) show the line-out spectra in the laser, target normal, and the maximum flux directions, respectively. One can see that the spectra in different directions have different energy distributions.
We have presented a new proton energy spectrometer, which can measure proton energy spectra as well as angular distributions simultaneously. We experimentally verify that the spectrometer can give more information compared to the traditional Thomson parabola with a pinhole entrance, especially spatial characteristics of proton beam. The angularresolved spectrometer can play an important role in proton beams diagnostics and will be helpful in understanding laserinduced proton generation and its applications. 
